In order to meet the exponentially increasing demand on mobile data traffic, self-backhaul ultra-dense networks (UDNs) combined with millimeter wave (mmWave) communications are expected to provide high spatial multiplexing gain and wide bandwidths for multi-gigabit peak data rates. In selfbackhaul UDNs, how to make the radio access rates of small cells match their backhaul rates by user association and how to dynamically allocate bandwidth for the access links and backhaul links to balance two-hop link resources are two key problems on improving the overall throughputs. Based on this, a joint scheme of user association and resource allocation is proposed in self-backhaul ultra-dense networks. Because of the combinatorial and nonconvex features of the original optimization problem, it has been divided into two subproblems. Firstly, to make the radio access rates of small base stations match their backhaul rates and maximize sum access rates per Hz of all small cells, a proportional constraint is introduced, and immune optimization algorithm (IOA) is adopted to optimize the association indicator variables and the boresight angles of between users and base stations. Then, the optimal backhaul and access bandwidths are calculated by differentiating the general expression of overall throughput. Simulation results indicate Joint User Association and Resource Allocation for Self-Backhaul Ultra-Dense Networks
I. INTRODUCTION
To support the exponentially increasing demand on mobile data traffic, it is necessary for 5G wireless networks to boost network throughput by more than 1000 times beyond 2020 [1] . Current cellular systems could not cope with such traffic growth in an economical and ecological way. Researchers have been seeking solutions in order to meet such traffic growth. One of the solutions for such traffic growth is to deploy low-cost and low-power small cells, which is called ultra-dense networks (UDNs) [2] . UDNs are expected to increase both spectrum Another solution is so-called millimeter wave (mmWave) technology [3, 4] . Extremely wide available bandwidth is the most appealing feature of mmWave. The high attenuation is another main feature of millimeter-wave communications, which promotes mmWave frequencies to ideal candidates for UDNs with the aid of beamforming offering very high data rates. Thus, UDNs combined with mmWave communications are expected to provide high spatial multiplexing gain and wide bandwidths for multi-gigabit peak data rates to meet the exponentially increasing demand on mobile data Due to the network densification, it is unfeasible for a large number of small base stations (SBSs) to connect to macro stations by fiber links because of expensive cost [6] . The wireless self-backhaul solution is becoming an attractive alternative for UDNs, where the same radio spectrum is used for both access and backhaul transport [7] [8] [9] [10] [11] . There are two options for mmWave spectrum resource reuse between radio access links and backhaul links. One is the full sharing by full-duplex (FD) communication [12] , which implies simultaneous transmission and reception of information in the same frequency at the same time. However, the gains of full sharing are limited by the overwhelming nature of self-interference (SI) generated by the transmitter to its own collocated receiver. Another is partially sharing by separating the radio access links and the backhaul links in time or in frequency resource to mitigate interference between them. Since time-division scheme requires all small cells to perform either access or backhauling transmission simultaneously and is particularly troublesome for SBSs, as they cannot appropriately balance two-hop link [13] . Hence, frequency-division scheme between access and backhaul may be one possible choice.
However, two problems still exist when the frequency-division scheme is adopted between access links and backhaul links. First, in order to avoid frequency band overlap between access and backhaul from other small stations, the bandwidth allocation ratios of all small stations should be the same in frequency-division scheme [14] , which are not optimal for all small cells to maximize their own throughputs. Second, to maximize actual end-to-end throughput, some dynamic bandwidth allocation schemes should be available to balance two-hop link resources for adapting to the environment variation.
To cope with the above two problems and maximize the overall throughput of all small cells, a joint scheme of users association and resource allocation is proposed. Due to the combinatorial and nonconvex features of original optimization problem, it was divided into two subproblems. The first one is user association and the boresight angles optimization considering backhaul rates, which maximizes sum access rate per Hz of all small cells as well as makes the radio access rates of small cells match their backhaul rates, so that the bandwidth allocation ratios of all small stations are as close as possible to the optimal bandwidth allocation ratio of the network. Immune optimization algorithm (IOA) is adopted to obtain the association variables and the boresight angles of users and base stations. After that, the access rates of small cells are obtained. Then, the second one is the dynamic optimal backhaul and access bandwidth allocation, which can be solved by differentiating the general expression of overall throughput. The bandwidth allocation ratio between radio access and backhaul is updated dynamically to adapt to the environment variation during each transmission time interval (TTI).
The rest of this paper is organized as follows. Section II introduces the system model and the problem formulation for maximizing the overall throughput of all the small cells. Section III analyzes a joint scheme of users association and resource allocation. Section IV evaluations are provided in Section V. Conclusions are drawn in Section VI.
II. SYSTEM MODEL AND PROBLEM FORMULATION

System model
Considering a downlink cellular network consisting of a single macro cell with N small cells (see Fig.1 ). Assuming there are U users (UEs) randomly located in N small cells. The wireless backhaul traffic of small cells is transmitted from the macro base station (MBS) by millimeter wave communication links while the MBS is connected to the core network by and backhaul (UAB) networks utilize a C/U split architecture where the control-plan is managed by the macro station through low frequency bands while the user-plane is processed by small stations through high frequency bands. For the sake of making it simple, the control-plan is not depicted in Fig.1 . The radio access links and backhaul links share the whole bandwidth. In this paper, the frequency division is adopted in which the bandwidth allocation ratios of all small stations are the same in order to avoid frequency band overlap between access and backhaul from other small stations.
For analytical tractability, the actual antenna patterns are approximated by a sectored antenna model [15] . This simple model captures directivity gains, the front-to-back ratio, and the half-power beamwidth, which are considered the most important features of an antenna pattern. In ideal sector antenna pattern, the gains are a constant for all angels in the main lobe, and equal to a smaller constant in the side lobe. Let 
where 0 1 z is the gain in the side lobe, with 1 z for narrow beams. The signal to interference and noise ratio (SINR) at UE j associated with BS i is , ,
represents the set of virtual base stations(BSs). p i is the transmission power spectrum density of BS i. N 0 is the background noise power spectrum density. , c i j g is the channel gain between BS i and UE j, capturing both path-loss and shadowing effects. Note that if BS i has n i RF chains (analog beams), BS i includes n i BSs located at the same position, each having one RF chain.
Problem formulation
Assuming the overall bandwidth is bh ra B B B , where is B bh the backhaul bandwidth and is the radio access bandwidth. In this paper, we mainly focus on the data transmissions in mmWave frequency band. For the n-th small station, the 
where SINR n is the signal to interference and noise ratio between small station n and macro station. SINR un is the signal to interference and noise ratio between small station n and user u n is the set of the users associated to small station n. x un is the binary association variable. For the n-th small station, its throughput is limited by the minimum value of the two throughputs, that is min( , ) bh ra n n n T T T (6) In order to maximize the overall throughputs of all the small stations, the resource allocation problem formulation jointly considering user association and dynamically bandwidth allocation can be given as 
where C1 and C2 are the boresight angles constraints of users and base stations, respectively. C3 and C4 are the user association constraints, and C4 means one user can be only associated to one small station at most. It can be easily seen that the optimization problem in (7) is nonconvex and combination optimization. It is very difficult to obtain the optimal solution. In the following section, we will divide the problem into two subproblems and solve them one by one.
III. USER ASSOCIATION AND RESOURCE ALLOCATION ALGORITHM
In this section, the overall throughput optimization problem is divided into two subproblems. The first one is user association considering backhaul rates to maximize sum access rates per Hz of all small cells, where we obtain the binary association variables and the boresight angles of users and base stations by immune optimization algorithm (IOA). The second one is dynamically bandwidth allocation for all the small stations, where we find the optimal backhaul bandwidth and radio access bandwidth.
User association considering backhaul rates
Assuming the data rates of the backhaul links between any small station and macro station are fixed. Because the backhaul transmission rates are usually determined by the path loss between the two stations [14] , this assumption is appropriate for the actual situation. In order to make the radio access rate of the small station match its backhaul transmission rate, we introduce the constraint: 
where C1-C4 have the same means with the above formula (7) . C5 ensures that the radio access rates ratios of any two small stations are proportional to their backhaul rates ratios. The optimal resource allocation problem in (8) is a mixed combinatorial and nonconvex optimization. The combinatorial feature is caused by the constraints C3 and C4, and the nonconvexity nature comes from proportional constraint and the directivity gain determined by solution for the resource allocation problem in (8) . Thus, in this paper, IOA is adopted to obtain the resource allocation and user association policies. IOA is a well-known optimization algorithm for nonconvexity optimization problems and nonlinear multi-objective optimization problems [16] [17] [18] . IOA has four important parts, i.e., antibody, concentration, clone, fitness. An antibody in population is a real-value attribute string in the Euclidean shape-space, and the concentration represents a measure of diversity. Clone states that offspring antibodies are identical to the parent antibody, and fitness function is adopted to measure the goodness of antibody. Each antibody represents a possible solution of the optimization problem. In this paper, each antibody represents a possible joint scheme of users association, the boresight angles of users and base stations. Note that when we obtain the integer association variable x . The detailed antibody encoding is described in Fig.3 . In the antibody population, the expected propagation probability for the v-th antibody P v is determined 
where is a large positive constant and 0 1 H H is a match index which measures how closely the radio access rates of small base stations match the backhaul rates of small base stations which is given by (11). Then, 1 H represents the punishment function for violating the constraint C5 in (8). Based on the IOA, the detailed steps of the user association considering backhaul rates algorithm are described in Algorithm 1. (10)-(14).
5: 2) Evaluate the goodness of antibodies jointly taking affinity and concentration into consider-6: ation, and obtain the expected propagation probability according to (9) , and record the best 7: individual. 8: 3) Form the parent population and update the memory pool.
9: 4) Perform select, cross and mutation operation, and obtain the new population after adding 10: the antibodies from memory pool. 11:end 
Radio access and backhaul bandwidth allocation
The optimal backhaul bandwidth and access bandwidth for the n-the small cell is ra bh n n bh ra n n R B B R R (15) and ra bh n n B B B
(16) According to [14] , we order the optimal backhaul bandwidths of all small cells from minimum to maximum. The ordered optimal backhaul bandwidths sequence is 1 2 , , , 
IV. MOBILITY AND TRAFFIC TYPE
With high directionality pencil-beam operation, the transmitters and receivers must match the potentially narrow directions of their respective beams. However, users' mobility will break the beams alignment and require constant reassociation. For static or low mobility users, the mismatch is not serious. For example, a walking user 5 meters away from a SBS, moves along a straight lines with 3km/h, which results in about 1.6 degree misalignment, if the scheduler works every ten milliseconds. With the users' speed increasing, the mismatch between the transmitters and receivers becomes more serious. For this case, the selective Control/User-plane split combined with a noncoherent cooperative multi-point (CoMP) joint transmission(JT) scheme in [19] or the blind beam steering scheme in [20] can be adopted, which may enhance the robustness about mobility and reduce the beams searching overhead. We mainly focus on the static and low mobility scenes, the solution of the high speed scenario is left as future work. A little burst-traffic originating from core network can be forwarded to UEs by the remainder of low frequency bands in C/U split architecture, and the detailed design of frame structure and channel mappings can refer to our early work [21] . When small cells are ultra densely deployed in cellular networks, it is a key problem to forward massive traffic to or from the core network [22] . Therefore, in this paper,
V. SIMULATION RESULTS
In this section, the simulations are presented to verify the performance of the proposed joint user association and resource allocation algorithm in self-backhaul ultra-dense networks. Assuming there are four UEs randomly located in the coverage area of a small cell. The main simulation parameters [10] are listed in table I.
In the simulation, all base stations including macro station and small stations adopt equal power transmission. When we adopt the IOA to optimize association variables, the boresight angles of users and base stations, because the bandwidth allocation is not obtained, we utilize power spectral density to calculate the signal to interference and noise ratio of users. The size of antibody population is 30, and the size of memory pool is 10. The crossover probability p c and the mutation probability p m are 0.5 and 0.4, respectively. The roulette wheel for the selection operator is adopted and an individual is selected with probability proportional to the reproductive probability. Positions for the crossover operator are chosen according to uniform distribution and only one position in an antibody is randomly chosen for mutation. . The (10) . is set as 4 4 10 . It can be seen that the IOA has a better convergence performance within 500 iterations. Fig.5-7 show the backhaul throughputs, radio access throughputs and actual end-toend throughputs of all small cells. For a clear recognizing the advantage of the proposed scheme, there are only listed the results of 50 small cells situation, but other results are similar. To be fair, the boresight angles of users and base stations are also optimized by IOA in the association algorithm based on minimum distance except for the association factor. From the Fig.5 , we can see that there is great diversity among the backhaul throughputs of small cells because of the difference path loss between the small stations and macro station. Some small cells have larger backhaul throughputs while others have smaller backhaul throughputs. From the Fig.6 , it can be seen that the radio access throughputs of the proposed scheme are much larger than the association based on minimum distance. In Fig.5 and Fig.6 , It can also be seen that the radio access throughputs of the proposed scheme match the backhaul throughputs of small cells, which means that the small cells with larger backhaul throughputs should be associated to more users to maximize the actual end-to-end throughputs. From Fig.7 , we can see that the actual end-to- end throughputs of small cells in the proposed scheme are much larger than the ones of the association scheme based on minimum distance, and we can also see that actual throughput of the small cell is proportional to its backhaul throughput or access throughput which depends on the larger of its backhaul throughput and access throughput. Fig.8 shows that overall throughput of all small cells versus the number of small cells for the static and low speed scenes. For the low speed scene, we assume that all users choose directions randomly, and move along a straight line with 3km/h. we also assume the scheduler performs the proposed algorithm once every ten milliseconds, because the coherent time of the channel at 28G with the speed of 3km/ h is about 12.85 milliseconds. We investigate the performance of the proposed algorithm at the worst case, which means the coordinates of all the users have moved to 0.139 meters away from the original coordinates in any direction, before they obtain the association indication and the optimal boresight angles from the MBS.
For the static scene, it can be seen that the overall throughput of the proposed scheme is increased by 40% at most compared to the association based on minimum distance when there are 100 small cells, and the overall throughputs will decrease with the increasing of the number of small cells, which is caused by the increase of the interference, but it can also improve the overall throughputs by 10% when the number of small cells increase to 200.
For the low speed scene, as can be seen from the Fig.8 , the throughputs of the proposed algorithm and the association scheme based on minimum distance decrease by about 0.9% compared to the static scene, which means the mobility of the users has an effect on both of the above two algorithms at the low speed scene. But the proposed algorithm still outperforms the association scheme based on minimum distance in terms of overall throughput of all small cells. 
VI. CONCLUSION
In this paper, we present a joint user association and resource allocation algorithm to maximize the overall throughput of small cells for selfbackhaul ultra-dense networks, in which association indicators and the boresight angles of the users and base stations are optimized by IOA firstly, and then the optimal bandwidth allocation is calculated by differentiating the general expression of overall throughput. The convergence and effectiveness of the proposed scheme are validated by extensive simulations. Simulation results show that the proposed algorithm makes the access rates of small cells match their backhaul rates,and the overall throughput of small cells are improved
